The aim was to investigate whether dietary supplementation of a combination of the two antioxidants, vitamin E and vitamin C, would protect the fetus in diabetic rat pregnancy at a lower dose than previously used. Normal and streptozotocin-induced diabetic rats were mated and given standard food or food supplemented with either 0.5% vitamin E ϩ 1% vitamin C or 2% vitamin E ϩ 4% vitamin C. At gestational d 20, gross morphology and weights of fetuses were evaluated. Vitamins E and C and thiobarbituric acid reactive substances were measured in maternal and fetal compartments. In addition, protein carbonylation was estimated in fetal liver. Maternal diabetes increased the rate of malformation and resorption in the offspring. High-dose antioxidant supplementation decreased fetal dysmorphogenesis to near normal levels. The low-dose group showed malformations and resorptions at an intermediate rate between the untreated and the high-dose groups. Thiobarbituric acid reactive substances were increased in fetal livers of diabetic rats and reduced to normal levels already by low-dose antioxidative treatment. Protein carbonylation rate was also increased in fetal liver of diabetic rats; it was normalized by high-dose treatment but only partially reduced by low-dose antioxidants. We conclude that combined antioxidative treatment with vitamins E and C decreases fetal malformation rate and diminishes oxygen radicalrelated tissue damage. However, no synergistic effect between the two antioxidants was noted, a result that may influence future attempts to design antiteratogenic treatments in diabetic pregnancy. Oxidatively modified proteins may be teratogenically important mediators in diabetic embryopathy. Maternal type-1 diabetes during pregnancy causes an increased rate of malformation in the fetus despite insulin treatment and glucose monitoring (1-3). The incidence of fetal malformations in type-1 diabetic pregnancies is estimated to be 5-10% in recent studies (4 -8). Several clinical studies have demonstrated that high maternal HbA1c levels during early pregnancy are associated with an increased risk for malformations (4, 9, 10). It is, however, likely that the pathogenesis of diabetic embryopathy is multifactorial (11), and in experimental work not only maternal serum levels of glucose but also levels of triglycerides, ␤-hydroxybutyrate, branched-chain amino acids, and creatinine correlate positively with increased resorption and malformation rates (12). Also, genetic factors may predispose for the development of malformations in maternal diabetes (13, 14) .
Maternal type-1 diabetes during pregnancy causes an increased rate of malformation in the fetus despite insulin treatment and glucose monitoring (1-3). The incidence of fetal malformations in type-1 diabetic pregnancies is estimated to be 5-10% in recent studies (4 -8) . Several clinical studies have demonstrated that high maternal HbA1c levels during early pregnancy are associated with an increased risk for malformations (4, 9, 10) . It is, however, likely that the pathogenesis of diabetic embryopathy is multifactorial (11) , and in experimental work not only maternal serum levels of glucose but also levels of triglycerides, ␤-hydroxybutyrate, branched-chain amino acids, and creatinine correlate positively with increased resorption and malformation rates (12) . Also, genetic factors may predispose for the development of malformations in maternal diabetes (13, 14) .
The putative role of ROS in the development of diabetic complications has been investigated for several decades (15) (16) (17) . Evidence of ROS involvement in hyperglycemia-induced embryopathy was first obtained in studies in which antioxidant enzymes proved to be protective in vitro (18, 19) . Increased ROS production (20, 21) and lipid peroxidation (22) have subsequently been found in rat embryos cultured in high glucose and in embryos of diabetic rat mothers. Enzymatically produced ROS can disturb embryo development in vitro similarly to the effect of high glucose (23) , and the resulting maldevelopment can be blocked by vitamins E and C separately (24) . Apart from increased production, the putative ROS excess can be attributed to impaired embryonic defense in response to an oxidative environment. This notion is supported by findings of decreased activity and impaired mRNA response to maternal diabetes of the radical scavenging enzyme catalase in embryos of a malformation-prone rat strain (25, 26) The increased malformation rate in children of mothers with diabetes, despite intense insulin treatment, has raised the question whether adjunct treatments should also be used to further improve fetal outcome. Previously, vitamins E and C have been administered separately in studies in which they were given orally to pregnant diabetic rats, yielding a decrease in the malformations induced by maternal diabetes (27) (28) (29) (30) . However, relatively high doses of the respective antioxidant were required for a positive effect on outcome of pregnancy. In another study, a cocktail with safflower oil, myo-inositol, and vitamin E was able to reduce neural tube defects in embryos of diabetic rats (31) . Vitamin E is a lipophilic antioxidant interfering with the chain reaction of lipid peroxidations (32) . Vitamin C is a hydrophilic molecule that can scavenge several radicals, among them the hydroxyl radical. It is likely that vitamins E and C act in a synergistic manner, by vitamin E primarily being oxidized to the tocopheroxyl radical and then reduced back to tocopherol by vitamin C (33) . Against this background we decided to use the lipophilic antioxidant vitamin E and the hydrophilic antioxidant vitamin C together as antioxidative protection in our rat model for diabetes-induced malformations.
The aim of this study was to determine whether a normalization of gestational outcome in diabetic rat pregnancy could be accomplished by addition of both vitamin E and vitamin C to the maternal diet. We also wanted to investigate whether normalization of the outcome could be achieved by the combined treatment at a lower total antioxidant dose than that of the individual vitamins. Along with the morphologic evaluation, we investigated variables for oxidatively modified lipids (TBARS) and proteins (carbonylated proteins) to estimate the efficiency of the treatment.
METHODS

Animals.
Female Sprague Dawley rats weighing approximately 250 g were made diabetic by i.v. injection of 40 mg/kg STZ (a kind gift from Pharmacia and Upjohn, Kalamazoo, MI, U.S.A.). The rats were housed at the Laboratory Animal Resources of the Biomedical Center in Uppsala and were subjected to a 12-h dark/12-h light cycle. Blood glucose was measured (Glucose Analyzer 2, Beckman Instruments, Fullerton, CA, U.S.A.) in tail vein blood 1 wk after STZ injection. Diabetes was defined as a blood glucose concentration Ͼ20 mM. The rats were then mated overnight with normal male rats of the same strain; d 0 of pregnancy was defined as the day sperm in vaginal smear occurred. Powdered food was prepared from the commercial food pellet R36 (Lactamin AB, Stockholm, Sweden). Vitamin-supplemented food was prepared by blending DL-␣-tocopherol hydrogen succinate (E. Merck, Darmstadt, Germany) and sodium L(ϩ)-ascorbate (Prolabo, Fontenay, France) into the powdered food. The vitaminsupplemented food was used the same day or the day after preparation, in which case it was stored in air-tight sealed plastic bags in 8°C in darkness overnight. All rats had free access to tap water.
The rats were either normal (no STZ injection; N) or manifestly diabetic (MD). Each of these groups was divided into three subgroups, such that one group received unsupplemented powdered food and the other groups received powdered food supplemented with 0.5% vitamin E and 1% vitamin C (wt/wt) or 2% vitamin E and 4% vitamin C. The supplemented groups are henceforth denoted 0.5ϩ1 and 2ϩ4, respectively, prefixed by N to denote normal mothers or MD for manifestly diabetic mothers. The diet with powdered food was started a few days before mating. At d 20 of pregnancy the rats were killed; they were anesthetized with ether, and blood was drawn into heparinized tubes from the abdominal aorta. The tubes were centrifuged at 1500 ϫ g for 10 min to obtain plasma, which was immediately frozen in liquid nitrogen and thereafter stored at Ϫ135°C. Maternal livers were weighed, cut into pieces, and frozen in liquid nitrogen. The fetuses and their placentas were dissected from the uterus and inspected for gross morphologic abnormalities. Mandibular malformations, i.e. micrognathia and agnathia, were most commonly observed. Dead fetuses were termed resorptions. Resorptions with a weight Ͼ0.1 g were termed large, and those with a weight Յ0.1 g, small resorptions; the large resorptions had a fetus-like appearance, whereas the small resorptions were small lumps of unorganized tissue. The proportion of resorptions was calculated with respect to the total number of implantations per litter. The share of malformed fetuses was calculated as a percentage of the total number of live fetuses in the litter. The fetuses and their placentas were weighed; four placentas from each litter were frozen in liquid nitrogen and stored at Ϫ135°C. From the same four fetuses the livers were dissected, weighed, and stored until biochemical analysis (see following). The tissue was thawed and homogenized in ice-cold distilled water at a concentration of 0.2 g/mL and thereafter kept on ice.
Measurement of ␣-tocopherol. ␣-Tocopherol was measured as described by Simán and Eriksson (29) . Briefly, 500 L of tissue homogenate or plasma was mixed with 500 L of methanol (E. Merck). Two milliliters of hexane was added, and the samples were manually shaken for 3 min, then centrifuged at 1500 ϫ g for 10 min and the hexane phase collected. Fetal liver samples were concentrated 10-fold by drying under a nitrogen gas stream. The samples were separated with HPLC using a Spherisorb amino column (4.6 ϫ 250 mm, Phase Separation, Deeside, U.K.). The system was isocratic with isooctane/tert-butyl-methyl-ether/methanol (75 vol/25 vol/5 vol) as the mobile phase and a flow of 1 mL/min. The effluent was analyzed fluorometrically with an excitation wavelength of 295 nm and emission wavelength of 327 nm. The fluorometer was a Shimadzu RF-10A (Shimadzu Corporation, Kyoto, Japan). The sample values were compared with values of standard samples prepared from ␣-tocopherol (E. Merck).
Measurement of ascorbic acid. Ascorbic acid analysis was performed as described by Jagota and Dani (34) . Standard samples were prepared in distilled water from ascorbic acid (E. Merck). Two hundred microliters of plasma or tissue homogenate was precipitated on ice with 800 L of trichloroacetic acid (E. Merck) for 5 min and then centrifuged at 12,000 ϫ g for 5 min. Five hundred microliters of the supernatant was subsequently diluted with distilled water to 2 mL. Two hun-756 dred microliters of Folin-Ciocalteaus solution (E. Merck), diluted 1:10 in distilled water, was added to the samples, which were then immediately mixed. After 10 min the absorbance at 760 nm was measured using a Beckman DU-65 spectrophotometer (Beckman Instruments).
Measurement of TBARS. TBARS were determined fluorometrically after boiling samples with thiobarbituric acid. Two hundred microliters of plasma or tissue homogenate of maternal livers or 20 L of homogenate of fetal livers was heated to 97°C for 60 min together with 750 L of 0.19 mM H 3 PO 4 . Standard samples were prepared from malondialdehyde-bis-(diethylacetal) (Merck-Schuchart, Schuchart, Germany). The samples were then precipitated with a mix of methanol and 1 M NaOH (91:9) and centrifuged at 12,000 g for 5 min. Fluorescence was measured on the supernatant, with an excitation wavelength of 532 nm and an emission wavelength of 553 nm, using a Perkin-Elmer LS 5B luminescence spectrophotometer (Perkin-Elmer/Cetus, Norwalk, CT, U.S.A.).
Measurement of protein carbonylation. The fetal livers were sonicated in ice-cold phosphate buffer, pH 7.2, and the sonicates were then treated according to the instructions of the OxyBlot Oxidized Protein Detection Kit (Oncor, Gaithersburg, MD, U.S.A.). Briefly, the carbonyl groups were derivatized to 2,4-dinitrophenylhydrazone using 2,4-dinitrophenylhydrazine by incubation of the samples with 2,4-dinitrophenylhydrazine for 15 min. A neutralization solution containing ␤-mercaptoethanol was then added to the samples to stop the derivatization. The samples were separated on 11% polyacrylamide gels. Western blots were performed with all four groups (N, MD, MD 0.5ϩ1, and MD 2ϩ4) represented on each gel. BSA (ICN Biomedicals Inc., Aurora, OH, U.S.A.) was used to block the filters overnight. The filters were incubated for 1 h in each of primary (against hydrazone groups) and secondary antibodies and washed three times in PBS-Tween after each incubation. Chemiluminescence reactions were performed, and Kodak Biomax MR (Eastman Kodak Company, Rochester, NY, U.S.A.) films were exposed for 2 min. Thereafter, the filters were stained for proteins with amido-black (0.5% naphthol blue black, 50% methanol, 10% acetic acid), and both filters and films were scanned in a densitometer. A ratio of OxyBlot to protein was calculated, and the values for each sample were expressed as the percentage of the ratio of the sample to the ratio of the mean of all samples on that gel, containing one sample from each experimental group (N, MD 2ϩ4, MD 0.5ϩ1, and MD).
Statistical analysis. 
RESULTS
Blood glucose and body weights. Maternal plasma glucose levels at gestational d 20 remained increased in the MD group, and no effect of vitamin treatment was seen in either the N or the MD groups. STZ-induced diabetes caused maternal weights to decrease (Table 1) , and vitamin treatment in the diabetic groups partially restored this decrease. Maternal liver weights were not significantly affected by either diabetes or vitamin treatment (Table 1) . A 30% increase in placental weight was induced by maternal diabetes, which was not affected by vitamin treatment (Table 1) . Maternal diabetes reduced fetal weights at gestational d 20 by approximately 35% (Table 1) , and the fetal weights were partially restored in both of the vitamin-treated groups. The same pattern was noted for the fetal liver weights.
Fetal gross morphology. No cases of micrognathia were found in the N offspring, and the resorption rate was aproximately 5% in all N groups (Fig. 1) . In the MD groups, on the other hand, we found 23% malformations and 32% resorptions, figures that were successively decreased by low-dose (13 and 20%, respectively) and high-dose (9 and 13%, respectively) antioxidant treatment (Fig. 1) . In the low-dose group, however, both malformation and resorption rates were higher than in the N group. In the high-dose group the resorption rate was indistinguishable from that of the control group (Fig. 1) . Figure  2 displays the distribution of all fetuses in each group as the rate of normal fetuses, resorptions (small and large), and malformations. No large resorptions were seen in the nondiabetic groups, whereas they constituted two thirds of the resorptions and Ͼ20% of the implantations in the MD group (Fig. 2) . The rate of large resorptions decreased in the diabetic groups with increasing vitamin dose to 9% in the MD 2ϩ4 group (Fig.  2) . The rate of small resorptions did not vary among the groups and appeared largely unrelated to the maternal metabolic state. 
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our laboratory using either only vitamin E (29) or only vitamin C (30) supplementation. Notably, the results were very similar among the studies with regard to the rates of resorptions and malformations. Combined treatment with both vitamins E and C in the present study decreased resorption rates in the MD group to the same extent as in Simán and Eriksson (29) using vitamin E alone ( Table 2) . Biochemical measurements in the pregnant rats. Vitamin E levels in maternal plasma were not affected by diabetes in the unsupplemented groups (Table 3) . Vitamin treatment increased the concentrations of vitamin E in plasma of diabetic rats and tended to do so in the nondiabetic groups. Plasma vitamin C concentrations were not altered by diabetes; the MD 0.5ϩ1 and MD 2ϩ4 groups had higher concentrations than the MD group (Table 3) . No significant differences in the TBARS concentrations in plasma were noted among any of the groups (Table 3) ; generally, however, the concentrations tended to be higher in the diabetic group than in the nondiabetic groups. In maternal livers, diabetes induced no difference in vitamin E concentrations (Table 3) . Vitamin treatment did, however, increase the concentrations in a dose-dependent manner in both the nondiabetic and diabetic groups (Table 3 ). Vitamin C concentrations in maternal livers were increased by vitamin supplementation but were not affected by diabetes. In livers of the N group, the concentration of TBARS was paradoxically higher than in any of the other groups (Table 3) ; no other differences were seen for the concentration of TBARS in maternal livers.
Biochemical measurements in the fetuses. Vitamin E concentration in fetal livers was not altered by maternal diabetes (Fig. 3, Top) . Maternal vitamin supplementation increased the vitamin E content in fetal livers in the MD groups. Maternal diabetes did not alter fetal liver concentration of vitamin C; vitamin treatment raised this concentration in both normal and diabetic groups (Fig. 3, Middle) . Fetal TBARS concentration was increased more than four times by maternal diabetes; both low-and high-dose antioxidant treatment reduced the TBARS concentrations back to normal levels (Fig. 3, Right) .
A representative blot of the protein carbonylation experiment is depicted in Figure 4 (Left). Protein carbonylation was increased in the MD group compared with the N group, and maternal antioxidant treatment normalized the values in the high-dose group (Fig. 4, Right) . In the MD group, the protein carbonylation values tended to be somewhat higher in the livers of malformed fetuses than in the livers of nonmalformed fetuses (140 Ϯ 16 versus 112 Ϯ 8, expressed as percent of value for N liver on the same gel; mean Ϯ SEM). No statistical difference was achieved (n ϭ 4 in both groups).
DISCUSSION
We have investigated the effect of combined treatment with the lipid-soluble antioxidant ␣-tocopherol and the watersoluble antioxidant ascorbate on the morphologic and biochemical outcome of diabetic rat pregnancy. The malformation and resorption rates were greatly reduced in the high-dose group, whereas in the low-dose group the outcome was intermediate to that of the MD and MD 2ϩ4 groups. However, the combination therapy did not further improve the fetal outcome compared with that achieved by administering the vitamins individually, as previously reported (29, 30) . These results may indicate that the doses of the individual antioxidants, rather than the added total molar dose of the antioxidants, determine the protective effect against diabetic embryopathy. As a consequence, attempts to completely normalize fetal outcome in diabetic pregnancy may have to include balanced mixtures of antioxidants and other antiteratogenic substances.
When resorptions were sorted by weight, we found approximately 5-10% of small resorptions (Ͻ0.1 g) in all groups. In contrast, we also found a population of large resorptions (Ն0.1 g), which appeared exclusively in the diabetic groups and decreased in rate with higher dose of added vitamins. It appears likely that the larger malformations occurred during the later part of gestation, whereas the smaller resorptions were induced earlier. Evidently a large portion of late resorptions were induced by maternal diabetes and were dose dependently decreased by vitamin treatment, with the largest difference between the MD and MD 0.5ϩ1 groups. The cause of these late resorptions may be found in the increased rate of advanced heart malformations seen in experimental diabetic pregnancy (35) .
Protein carbonyl groups are introduced via oxidation of proteins and can be used as markers for oxidatively modified proteins (36) . By measuring protein carbonylation, a gradual reduction of the diabetes-induced protein damage in fetal livers was noted with increasing dosage of the administered antioxidants. Lipid oxidation in the fetal livers, as estimated with TBARS, was completely normalized already at the low dose of treatment, thus indicating that the combined vitamin E and C Interestingly, the degree of morphologic damage followed the carbonylation data more closely than the TBARS. This may suggest that a major part of the teratogenic action of diabetes occurs via protein damage. However, it should be noted that malformations are induced early in pregnancy and, most likely, in nonhepatic cells. The weights of the mother, fetuses, and fetal livers were all decreased by maternal diabetes and partially restored by antioxidative treatment. The severity of diabetes, estimated as Values are given as mean Ϯ SEM. * Significant difference from N group. † Significant difference from MD group. ‡ Significant difference from low-dose treated group of mothers with the same health status (N or MD). plasma glucose concentration, was not affected by the vitamin supplementation. Thus, the antioxidative treatment protected the pregnant rats and their offspring from the weight loss caused by the STZ-induced diabetes without protecting against the diabetes per se. These results are in line with previous data using vitamin E (29), whereas no positive effect was noted on fetal weight using vitamin C (30) .
Vitamin E and vitamin C concentrations increased markedly in maternal plasma when these antioxidants were added to the food of diabetic rats whereas no significant increase could be detected in the plasma of normal rats. This could be related to increased food intake in the diabetic rats; however, this was not measured in this study. TBARS levels in maternal plasma were not significantly altered by either diabetes or vitamin treatment; this may be related to rapid clearing of peroxides from the circulation (37) . The vitamin concentrations in maternal livers increased with the doses given in both N and MD rats. In maternal liver, a paradoxically high level of TBARS was detected in the N group. No satisfying explanation for this peculiarity seems obvious.
Diabetes did not affect the vitamin levels in fetal livers of the unsupplemented rats, despite the high TBARS levels in the MD fetal livers. This may be related to a high initial abundance of vitamin E in the MD livers because of a higher lipid content (38) . The vitamin E content also increased more drastically in the supplemented diabetic groups than in the control groups, a fact that is probably also caused by the larger lipid contents in diabetic livers (38) . In contrast to vitamin E, vitamin C content in fetal livers increased in the same range in supplemented groups with or without diabetes. Thus, as found in previous studies (29, 30) , maternally administered vitamins E and C reach the fetus in significant amounts.
The antioxidant doses used in this study are high, 2% vitamin E corresponding to approximately 2 g/kg per day, and a decreased dose seems to result in decreased protection of the offspring against malformations. The necessity of high-dose treatment, however, in this experimental setting could be related to the severity of the diabetic state of the female rats with plasma glucose levels of almost 30 mM. Also, the metabolic rate is much higher in the rat than in the human; the approximate relation between metabolic rate (M) and weight (W) is M ϭ 3.8 ϫ W Ϫ0.25 (39) , meaning that the metabolic rate of a 60-kg human would be about one fourth that of a 250-g rat. Considering the slower human metabolic rate and the fact that human diabetic mothers experience a more-controlled diabetic state, it could be expected that significantly lower doses of antioxidants could be used in future prevention studies in diabetic pregnancy. In this context, it is of interest to note that a combination of vitamins E and C has been shown to decrease the occurrence of preeclampsia in high-risk women at a daily dose of 400 IU of vitamin E plus 1 g of vitamin C (40) .
We have shown that dietary treatment of pregnant diabetic rats with a combination of the lipid-soluble antioxidant ␣-tocopherol and the water-soluble ascorbate can, in fetal livers, fully restore diabetes-induced lipid peroxidation and dosedependently ameliorate protein carbonylation in the same tissue and improve gestational outcome. The effect on gestational outcome seems to depend more on the dose of the individual antioxidants than on the total molar dose. This indicates that dietary additions aiming to reduce diabetic embryopathy should be composed of an antioxidant mixed with other protective agents.
There is a consensus that ROS are involved in diabetesinduced congenital malformations and that antioxidants are useful in preventive treatment. The research has now reached the state of optimizing treatment design before proceeding to clinical trials. This report demonstrates the lack of potential benefits of combining different antioxidants. 
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